Chromium ions doped 90 Na 2 B 4 O 7 + (9 -x)PbO + 1TeO 2 and 90 K 2 B 4 O 7 + (9 -x)PbO + 1TeO 2 (x = 3, 4, 5, 6, 7 and 8 mol%) glasses have been studied by using Electron Paramagnetic Resonance (EPR) and optical absorption techniques. The EPR spectra exhibit a broad resonance signal at g = 4.65 and a narrow resonance signal at g = 1.97. The resonance at g = 4.65 can be attributed to isolated Cr 3+ ions in rhombic symmetry subjected to strong crystal field effects and the resonance at g = 1.97 is due to Cr 5+ ions. The EPR spectra have also been studied at different temperatures (153 -393 K). The number of spins (N) participating in the resonance is measured as a function of temperature and the activation energy is calculated. The exchange coupling constant J between chromium ions is calculated. The optical absorption spectrum exhibits bands characteristic of Cr 3+ ions in an octahedral symmetry. The optical band gap (E opt ) and Urbach energies (∆E) have been calculated for all the glass samples and it is observed that E opt decreases and ∆E increases with increase of chromium content. This has been explained as due to the creation of additional localized states with chromium doping, which overlap and extend in the mobility gap of the glass matrix.
Introduction
Recently glasses based on TeO 2 and heavy metal oxides have stirred up significant interest in the field of new glassy materials [1] [2] [3] [4] [5] . These materials have shown high density, high refractive index and for their excellent transmission in the visible and near infrared (IR) region, optical non-linearity effect and due to their potential applications such as IR domes, modulators, memories, optical switching, and laser windows, they become promising materials for manifold possible applications. It is known that TeO 2 in combination with heavy metal oxides, like PbO, forms stable glasses. Further, these glasses are considered as very good materials for hosting lasing ions like chromium since these provide a low phonon energy environment to minimize non-radiative losses.
Moreover, in applications ranging from new optical material research to optoelectronic and integrated optical devices, there has been increasing interest in glasses due to their lower production costs with respect to single crystals. One of the most investigated transition metal impurity ions is chromium and the large number of review articles and papers testifies to the high level of interest in this field [6] [7] [8] [9] [10] [11] [12] , even in connection with the development of lasers. Currently, the basic features of chromium in a large number of crystalline matrices are so well established that this ion is extensively used as a probe for studying the structure and the local symmetry of new and exotic materials. No EPR and optical absorption studies of chromium ions in alkali lead borotellurite glasses have been reported so far. In the present study, the authors report the structural investigation of chromium ions in the alkali lead borotellurite glass matrices performed by means of Electron Paramagnetic Resonance (EPR) and optical absorption techniques. The authors are also interested to find the variation of EPR line intensity with temperature, which allows one to calculate the exchange-interaction energy J between chromium pairs. The results obtained from these studies are discussed in detail.
Experimental
All the batch materials (Na 2 B 4 O 7 ⋅10H 2 O, K 2 B 4 O 7 ⋅5H 2 O, PbO and TeO 2 ) used in the present study were of Analar grade quality. Chromium was added to the batches as ammonium dichromate
The glass samples were prepared by the melt quenching method with the compositions given in Table 1 . All the chemicals were weighed accurately using an electrical balance, ground to fine powder and mixed thoroughly. The batches were melted for 2.5 hours in porcelain crucibles at 1126 K. The melts were then poured on a polished brass plate and pressed quickly with the other brass plate. The glasses thus obtained were transparent. The glasses were then annealed at 423 K. Care was taken to obtain the glasses of uniform thickness for recording optical absorption spectra. Good quality glasses obtained after polishing were used for optical measurements.
The EPR spectra were recorded at room as well as at different temperatures (153-393 K) on an EPR spectrometer (JEOL FE1X) operating at the X-band microwave frequency (9.205 GHz) with a modulation frequency of 100 kHz. The magnetic field was scanned from 0 to 500 mT with a scan speed of Original Paper 62.5 mT/min. A coarsely powdered glass specimen of 100 mg was taken in a quartz tube for EPR measurements. The EPR spectrum of the CuSO 4 ⋅5H 2 O powdered material was also recorded as a reference for calculating the absolute number of spins in various glasses.
The EPR spectra of 8 mol% of Cr 2 O 7 doped potassium lead borotellurite (KPbBTe:8Cr) glass sample is recorded at different temperatures (153-393 K) using a variable temperature controller (JES UCT 2AX). A temperature stability of ±1 K was easily obtained by waiting approximately half an hour at the set temperature before recording a spectrum at each temperature.
The optical absorption spectra of all the glass samples doped with chromium ions were recorded at room temperature on a JASCO (V-570) UV-VIS-NIR spectrophotometer in the wavelength region 200-900 nm. Glass samples of thickness nearly 1 mm were used for optical measurements.
Results and discussion

Electron paramagnetic resonance studies
No EPR signals were detected in the spectra of undoped glasses indicating that the starting materials used in the present work were free from transition metal impurities (or paramagnetic defects). When various mol% of Cr 2 O 7 were added to the glasses, all glass samples under investigation exhibit resonance signals characteristic of chromium in other glass systems . Figure 1 shows the EPR spectra of 8 mol% Cr 2 O 7 in sodium lead borotellurite and potassium lead borotellurite glass samples at room temperature. The EPR spectra of all the glasses exhibit a sharp resonance line centered at g = 1.97 and a broad resonance signal at g = 4.65. The spectrum at low field i.e., the EPR absorption at g = 4.65 resonance can be attributed to isolated Cr 3+ ions in rhombic symmetry subjected to strong crystal field effects [27, 28] . The line shape of the EPR spectra of chromium ions in glasses is more complicated than in single crystals or polycrystalline substances. They are influenced by the absence of long-range order in glasses connected with various small distortions of the local environment of the ions from site to site. In addition to that, the symmetry axes of the ligand fields relative to the direction of the applied magnetic field are randomly oriented. Therefore the line shape is highly broadened [29] . The shape of ESR spectra at g ~ 4.6 it is reasonably some what Lorenzian in shape up to 5 mol% of Cr 2 O 7 . Thereafter it is difficult to predict.
The other resonance at g = 1.97 is generally observed and it has been attributed to the exchange coupled chromium ion pairs and is related to weakly distorted sites. In the present study, the resonance at g = 1.97 is very narrow (∆B ≤ 10 mT) and we attribute this signal due to Cr 5+ ions [27, 28, [30] [31] [32] . The existence of Cr 5+ ions might be due to in the process of melting the alkali lead borotellurite glass the Cr
3+
is partly oxidized to Cr 5+ . The evidence for Cr 5+ ions in glasses was already reported by Garif'yanov [30] through EPR spectroscopy. In case of Cr 5+ ions in oxide glasses [27, 28, [30] [31] [32] a narrow and asymmetric resonance with g ≈ 1.98 was evidenced. Asymmetry of EPR line shape for Cr 5+ ions in these glasses is typical for centers with anisotropic g values. The present investigations suggest that in alkali lead borotellurite glasses, Cr 5+ ions exist which are responsible for the asymmetry line at g = 1.97. The EPR spectra of chromium ions in phosphate [33] , fluorophosphates [33] , borosulphates [34] , fluoroberyllates [33] , fluoroaluminates [35] , fluorozirconates [36] and silicates [37] were reported by many authors. In all these glasses, two resonances have been observed at g = 5.0 and g = 2.0; these resonance signals have been attributed to isolated Cr 3+ ions in strongly distorted sites and Cr 3+ ion pairs [33] [34] [35] [36] [37] respectively. Ardelean et al. [27] studied the EPR spectra of Cr 3+ ions in lead borate glasses. They observed two resonance signals at g = 5.1 and g = 1.97. The resonance signal at g = 5.1 is typical for isolated Cr 3+ ions sites of rhombic symmetry subjected to strong crystal field effects and the resonance signal at g = 1.97 results from contributions from both Cr 3+ and Cr 5+ ions. The EPR spectra for different mol% Cr 2 O 7 in KPbBTe:xCr glasses (where x = 3, 4, 5, 6, 7 and 8 mol%) are shown in Fig. 2 . It is observed that the EPR spectrum exhibits marked concentration dependence.
Calculation of number of spins (N) participating in resonance
The number of spins participating in a resonance can be calculated by comparing the area under the absorption curve with that of a standard (CuSO 4 ⋅5H 2 O in this study) of known concentration. Weil et al. [38] gave the following expression which includes the experimental parameters of both sample and standard:
where A is the area under the absorption curve which can be obtained by double integrating the first derivative EPR absorption curve, "scan" is the magnetic field corresponding to unit length of the chart, G
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Paper is the gain, B m is the modulation field width, g is the g-factor, S is the spin of the system in its ground state, and P is the power of the microwave. The subscripts 'x' and 'std' represent the corresponding quantities for Cu 2+ glass sample and the reference (CuSO 4 ⋅5H 2 O) respectively. Figure 3 shows a plot of number of spins participating in resonance as a function of Cr 2 O 7 content. The number of spins increases with the concentration of chromium as shown in Table 2 . The EPR spectra of 8 mol% Cr 2 O 7 doped in potassium lead borotellurite (KPbBTe:8Cr) glass sample have been recorded at different temperatures (153-393 K) and are shown in Fig. 4 . The temperature dependence of the intensity of the resonance line at g = 1.97 for KPbBTe:8Cr glass sample has been calculated by using the above Eq. (1) and is shown in Fig. 5 which indicates that as the temperature is lowered the number of spins increases and a linear relationship between log N and 1/T is observed. This is the phenomenon that can be expected from the Boltzmann law. The slope of the graph will give activation energy. The activation energy thus calculated is found to be 31.69 × 10 -22 J (0.019 eV). 
where J is the exchange coupling constant between Cr 3+ ion pairs, k is the Boltzmann constant and T is the absolute temperature. The intensities were determined by double integrating the EPR first derivative signal and the relative intensities were measured with respect to the intensity at room temperature. Figure 6 shows a plot of relative intensity I(T) versus kT for different J values. Figure 6 also shows the experimental relative intensities superimposed on theoretical curves. Fournier et al. [39] has taken a spin 1 2 sample as a standard for measuring the relative intensities. In the present work, the relative intensities were measured with respect to the intensity at room temperature. Hence, all the curves have been scaled to a factor of 10 at room temperature (corresponding to kT = 209 cm -1 ). The experimental data is close to the theoretical curves at J = 150 cm -1 . This value is higher than the value reported (J = 24 ± 2 cm -1 ) by Fournier et al. [39] but is in the same order for chromium ions in ruby reported in literature [40, 41] .
Optical absorption studies
The optical absorption spectrum for 8 mol% Cr 2 O 7 in potassium lead borotellurite glass sample in the wavelength region 200-900 nm is shown in Fig. 7 . The analysis of EPR spectra of glass samples indi- cates the presence of both Cr 3+ and Cr 5+ ions. Cr 3+ ions belong to d 3 configuration and have large octahedral site preference energy (OSPE) [42] . The ground state is always 4 A 2g (F) irrespective of the strength of the crystal field. In general, the Cr 3+ ions in an octahedral symmetry are characterized by three spinallowed transitions B 2g → 2 B 1g around 18000-23500 cm -1 . In the present study (Fig. 7) , the authors observed an intense band at 444 nm (22490 cm ) and a broad band at 635 nm (15740 cm -1 ). The broad band at 15740 cm -1 has been assigned to
The two weak bands centered at 866 nm (11545 cm -1 ) and 874 nm (11440 cm -1 ) have been assigned to the transitions
respectively. The bands observed at visible and near infra-red regions are characteristic of Cr 3+ ions. In the present study we did not observe the bands corresponding to Cr 5+ ions in the optical absorption spectrum might be due to Cr 3+ is partly oxidized to Cr 5+ ions during melting the glass and the Cr 5+ ions involved is small. The crystal field parameter Dq is evaluated from the band position of
T 2g (F) and found to be 1574 cm -1 . This value is in the expected order for Cr 3+ ions in octahedral symmetry [43] . The other bands at 444 nm (22490 cm ) and 354 nm (28280 cm -1 ) have been assigned to charge transfer bands.
Theoretical optical basicity (Λ th )
The optical basicity of an oxide glass will reflect the ability of the glass to donate negative charge to the probe ion [44] . Duffy and Ingram [45] proposed that the optical basicity can be predicted from the composition of the glass and basicity moderating parameters of various cations present.
The theoretical values of the optical basicity Λ th of the glasses can be calculated using the formula [45] th 1 , 2
where n is the total number of cations present, Z i is the oxidation number of the i th cation, r i is the ratio of number of i th cations to the number of oxides present and γ i is the basicity moderating parameter of the i th cation. The basicity moderating parameter γ i can be calculated [45] from the following equation:
where x i is the Pauling electronegativity [46] of the cation. The theoretical values of optical basicities have been calculated for all the glass samples and are presented in Table 2 . From the Table, it is seen that the optical basicity is decreasing with the increasing concentration of chromium. Hence it is observed that the covalency between chromium and oxygen ions should increase with the increase of concentration of chromium content.
Optical band gap (E opt ) and Urbach energies (∆E)
The optical band gap and Urbach energies of all the glass samples have been obtained from their ultraviolet absorption edges. The optical band gap energy in the amorphous system is closely related to the energy gap between valence and conduction bands [47] . In glasses, the glass forming anions influences the conduction band, the cations play an indirect but significant role [47] . The Urbach energy gives the width of the tails of localized states within the optical band gap. At the absorption edge, random internal electric fields will dominate the broadening of the exciton levels due to the lack of long range order or presence of defects [47, 48] . The least ∆E i.e., sharp absorption edge suggests that the defects are minimum facilitating long-range order. The main feature of the absorption edge of amorphous semiconductors, particularly at the lower values of absorption coefficient is an exponential increase of the absorption coefficient α(ν) with photon energy in accordance with an empirical relation [49] 
where α 0 is a constant, ∆E is the Urbach energy and ν is the frequency of radiation. The absorption coefficient α(ν) can be determined near the edge using the formula 
where 'B' is a constant and E opt is the optical band gap energy. This relation has been applied to many oxide glasses [22] . Figure 8 shows the plots between (αhν) 1/2 versus hν for KPbBTe:3Cr and KPbBTe:5Cr glass samples respectively. The optical band gap energy is obtained by extrapolating the linear region of the curve to the hν axis. The values of the optical band gap and Urbach energies calculated in the present work for different glass samples are listed in Table 2 . The addition of chromium to the glass samples causes a reduction in the optical band gap and this is consistent with the initiation of band tailing suppressed to occur at lower values of N(E), the density of states function, as reported by Hogarth and Novikov [50] . The optical band gap energies obtained in the present work is of the same order as reported in literature for copper tellurium oxide and tellurium borate glasses [21, 51] .
Plots have been drawn between ln α and hν for KPbBTe:3Cr and KPbBTe:5Cr glass samples (not shown here) and the reciprocal of slope of the linear portion of ln α versus hν graph will give Urbach energy. Figure 9 shows a plot of optical band gap energy and Urbach energy as a function of chromium ion content in the glass. From the figure it is observed that the band gap energy decreases whereas Urbach energy increases with increasing chromium content. The increasing chromium content may cause the localized states of the colour centers to overlap and extend in the mobility gap. This overlap may give us evidence for decreasing E opt when chromium content is increased in the glass matrix.
From the Table 2 it can be observed that the least Urbach energy (0.10 eV) is observed for KPbBTe:3Cr glass sample. This suggests that the defects are minimum in this glass sample. The increase in Urbach energy with chromium content can be considered due to increased defects.
Conclusions
In alkali lead borotellurite glasses, the EPR spectra of chromium ions exhibit two resonance signals at g = 4.65 and g = 1.97. The EPR absorption at g = 4.65 resonance can be attributed to isolated Cr 3+ ions in rhombic symmetry subjected to strong crystal field effects and the resonance at g = 1.97 is very narrow (∆B ≤ 10 mT), we attribute this signal is due to Cr 5+ ions. The number of spins (N) participating in reso- . The optical absorption spectrum shows bands characteristic of Cr 3+ ions in an octahedral symmetry. The optical band gap E opt and Urbach energies ∆E were evaluated from their ultraviolet absorption edges. The optical band gap energy E opt and Urbach energy ∆E are found to be dependent upon dopant concentration.
